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Surface layers (S-layers) comprise the outermost cell
envelope component of most archaea and many
bacteria. Here we present the structure of the bacte-
rial S-layer protein SbsC from Geobacillus stearo-
thermophilus, showing a very elongated and flexible
molecule, with strong and specific binding to the
secondary cell wall polymer (SCWP). The crystal
structure of rSbsC(31–844) revealed a novel fold, con-
sisting of six separate domains, which are connected
by short flexible linkers. The N-terminal domain ex-
hibits positively charged residues regularly spaced
along the putative ligand binding site matching the
distance of the negative charges on the extended
SCWP. Upon SCWP binding, a considerable stabili-
zation of the N-terminal domain occurs. These find-
ings provide insight into the processes of S-layer
attachment to the underlying cell wall and self-
assembly, and also accommodate the observed
mechanical strength, the polarity of the S-layer, and
the pronounced requirement for surface flexibility
inherent to cell growth and division.
INTRODUCTION
Crystalline bacterial cell surface layers, termed S-layers (Sleytr,
1978), provide organisms with a selective advantage by fulfilling
various functions, including protective coats, molecular sieves in
the ultrafiltration range, ion andmolecule traps, and structures in-
volved in cell surface interactions and antifouling coats. In a great
variety of archaea, they are involved in determining cell shape,
and they contribute to virulence when present in the cell walls
of pathogens (Sa´ra andSleytr, 2000; Sleytr andBeveridge, 1999).
S-layers represent a first-order self-assembly system which
has been optimized in the course of evolution to a process of re-
markable efficiency (Avall-Jaaskelainen and Palva, 2005; Sa´ra
and Sleytr, 2000; Sleytr et al., 1999). S-layers are composed of
a single protein or glycoprotein species. Structural properties
of these proteins are both necessary and sufficient for crystalli-
zation of the proteinaceous subunits into lattices, which exhibit
oblique, square, or hexagonal symmetry and a center-to-center
spacing of 5–35 nmof themorphological units. An intact ‘‘closed’’
S-layer on an average-sized, rod-shaped cell consists of1226 Structure 16, 1226–1237, August 6, 2008 ª2008 Elsevier Ltd Aapproximately 5 3 105 monomers. Thus, within a bacterial gen-
eration time of 20 min, at least 500 copies of the same 100 kDa
polypeptide species are synthesized each second, translocated
to the cell surface, and incorporated into the S-layer lattice in or-
der to keep pace with the cell division process (Sleytr et al.,
1999). The S-layer subunits of bacteria are held together and
linked to the underlying cell envelope by noncovalent bonds.
Even after isolation from the cell wall, S-layer proteins frequently
maintain the ability to self-assemble in suspension in vitro or to
recrystallize on peptidoglycan-containing sacculi (Sleytr and
Glauert, 1975), at the air-water interface or on artificial solid
supports (Sleytr et al., 2005, 2007; Sleytr and Glauert, 1975).
One of the best-studied systems, a Gram-positive bacterial
species, Geobacillus stearothermophilus, can produce at least
five different S-layers, depending on the environmental condi-
tions. The G. stearothermophilus wild-type strains PV72/p6,
NRS 2004/3a and ATCC 12980 (Egelseer et al., 1998; Jarosch
et al., 2000, 2001; Scha¨ffer et al., 1999), the oxygen-induced var-
iant, termed PV72/p2 (Sa´ra et al., 1996), and a temperature-
induced variant of ATCC 12980 (Egelseer et al., 2001) produce
the S-layer proteins SbsA, SgsE, SbsC, SbsB, and SbsD. The
cell surface of G. stearothermophilus strain ATCC 12980 is com-
pletely covered with an oblique lattice formed by the S-layer pro-
tein, SbsC (Egelseer et al., 1996). The protein precursor includes
a 30 amino acid signal peptide typical for Gram-positive bacte-
ria, and consists of 1099 amino acids (Jarosch et al., 2000).
The mature protein exhibits a molecular mass of 112.5 kDa
and an isoelectric point of 5.5. Upon export, the protein attaches
specifically to the SCWP (Ferner-Ortner et al., 2007), which is
covalently linked to the peptidoglycan backbone, and exhibits
adhesion sites for a high-molecular mass exoamylase (HMMA)
(Egelseer et al., 1996).
In Gram-positive bacteria, at least two types of binding mech-
anisms between S-layer proteins and SCWPs have been identi-
fied. In the first case, a distinct type of pyruvylated SCWP (Cava
et al., 2004; Mader et al., 2004; Mesnage et al., 2000) is recog-
nized as the proper anchoring structure by a functional S-layer
homology (SLH) domain (Brechtel and Bahl, 1999; Chauvaux
et al., 1999; Huber et al., 2005; Ilk et al., 1999). Variable numbers
of SLH motifs, each consisting of 50–55 amino acids, comprise
the SLH domain. In the case of the S-layer protein, SbsB, it
has been shown that an SLH domain containing three SLHmotifs
is necessary and sufficient for specific SCWP recognition (Mader
et al., 2004).
The second type of binding mechanism between S-layer pro-
teins and SCWPs has been described for other S-layer proteinsll rights reserved
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binding mechanism involves a negatively charged SCWP con-
sisting of N-acetyl glucosamine, glucose, and 2,3-dideoxy-diac-
etamido mannosamine uronic acid in the molar ratio of 1:1:2
(Scha¨ffer et al., 1999), and a highly conserved, positively charged
N-terminal region of the protein, SbsC, which does not form an
SLH domain. The production of different N- and C-terminally
truncated forms of SbsC confirmed that the N-terminal part—
comprising amino acids 31–258—is exclusively responsible for
cell wall binding. The larger, C-terminal part comprises the
self-assembly domain responsible for formation of the crystalline
array (Jarosch et al., 2001).
To date, there is no high-resolution structural information
available to clarify the self-assembly process and the binding
mode of the S-layer to the cell wall. In a recent mutational study
of the SbsB S-layer protein amino acids, which are surface
exposed or located at intermolecular domain interfaces, were
determined by crosslinking (Kinns and Howorka, 2008). It has
also been attempted, in preliminary studies, to predict the three
dimensional (3D) structure of the SbsB protein (Horejs et al.,
2008). A number of 3D reconstructions of S-layers with electron
microscopy were performed (Baumeister and Engelhardt, 1987;
Baumeister et al., 1990; Hovmo¨ller, 1993). The recently deter-
mined 7 A˚ projection map of the assembled SbpA, the S-layer
protein from Bacillus sphaericus, represents the highest-resolu-
tion view of an intact S-layer so far (Norville et al., 2007).
Only two atomic resolution structures of archaeal recombinant
S-layer fragments from Staphylothermus marinus (Stetefeld
et al., 2000) and Methanosarcina mazei (Jing et al., 2002) have
been determined. Crystallization of the full-length archaeal S-
layer protein has been reported by Evrard et al. (1999). Here
we present the first high-resolution structure of soluble N-termi-
nal forms of a bacterial S-layer protein. These forms of SbsC
contain the SCWP binding functionality, as well as part of the
assembly machinery. These findings are complemented with
SCWP binding studies of the two truncated SbsC forms, as
well as with the low-resolution solution structure of the C-termi-
nal region of SbsC.
RESULTS
Structure Determination of rSbsC(31–844)
and rSbsC(31–443)
The rSbsC(31–844), containing the SCWP binding domain and
several Ig-like domains as predicted by Pfam (Bateman et al.,
2004), was crystallized (Pavkov et al., 2003). The structure was
solved by MIRAS phasing. All heavy atom positions were suc-
cessfully determined, and phase extension to 3 A˚ provided an in-
terpretable electron density map in which secondary structure
elements could be identified. The electron density of the N temi-
nus was well defined with recognizable a helices and b sheets,
followed by discontinuous electron density, which is indicative
of b strands (see Figure S1 available online). The C-terminal
part (80 amino acids) was not visible in the map, but was pres-
ent in the crystal, as confirmed by denaturing gel electrophoresis
of dissolved crystals. Therefore, only parts of the rSbsC(31–844)
structure (Figure 1A), residues Asp33–Asp243 and Pro292–
Glu444, could be built with certainty. Through the use of informa-
tion about the topology of predicted Ig-like domains and theStructure 16, 1226discontinuous electron density map, a poly-Ala model of the
last three domains was built showing the possible arrangement
and connectivity of b strands. Further refinement of the structure
did not improve the map quality, indicating a high flexibility of the
protein and a disordered region at the C-terminal region, likely
due to the truncation of the protein within the domain.
From the traced part of the rSbsC(31–844) structure, the domain
boundaries of the N-terminal domains were determined
(Figure 1C). Based on these data, we generated two shorter
C-terminal truncation mutants, rSbsC(31-270) and rSbsC(31–443).
Crystals of rSbsC(31–443) were obtained and diffracted nicely to
2.4 A˚ (Table 1). The structure was solved by molecular replace-
ment with the three domains of the rSbsC(31–844) structure sepa-
rately as starting models. With all three domains successfully
located, the high quality of the final electron density map allowed
for placement of the residues Thr32–Asp443 and 252 water mol-
ecules (Figure 1B). The final round of refinement resulted in
amodel with good stereochemistry, characterized by an R factor
of 0.177 and an Rfree of 0.240 (Table 1). After refinement of the
rSbsC(31–443) structure, the rSbsC(31–844) structure was rebuilt
with the refined domains of the high-resolution structure as
a starting model. The electron density map beyond the third
domain remained poor.
Overall Fold and Domain Arrangement
The visible part of rSbsC(31–844) folds into six domains. Together,
they form an elongated chain, which bends by 180 in the region
of domains II–IV, causing a close interaction of the N- and C-ter-
minal domains and forming a novel ring-like conformation. The
N-terminal domain (domain I) consists of a helices, followed by
five compact domains containing mainly antiparallel b strands
(Figure 1A). Domains II, IV, V, and VI adopt an Ig-like fold. How-
ever, large differences between individual domains are ob-
served, including different lengths of b strands, variable loop
regions, and additional secondary structure elements.
Amore accurate view of domains I, II, and III was obtained after
solving the structure of rSbsC(31–443) (Figure 1B). Domain I
(Thr32–Leu260), which binds SCWP, consists of seven a helices
organized in three left-handed, antiparallel, triple-helical bundles
connected by short loops (Figure 2A). The third triple-helical bun-
dle adopts a canonical coiled-coil structure, as described by
Lupas and Gruber (2005). The first and second triple-helical bun-
dles adopt unique structures where the middle bundle involves
the two long helices a3 and a5, both of which are incorporated
in two consecutive antiparallel triple-helical segments. Helices
a4 and a5 contain kinks, which are caused by voluminous resi-
dues (Tyr130, Arg167, Arg184, and Lys 188), thereby expanding
the hydrophobic core region between the a helices in the second
triple-helical bundle (Figure S2A). In addition, the interface be-
tween the first and the second triple-helical bundles is dominated
by aromatic side chains (Phe and Tyr), which adopt stacked con-
formations in parallel as well as in perpendicular mode. An inter-
esting feature is observed in helix a3 where the fifth turn is
replaced by an extended loop including 10 residues (Phe110–
Ala119), without disrupting the continuous hydrogen-bonding
pattern of the helix (Figure S2B). A similar arrangement of an an-
tiparallel triple-helical bundles was found in the cytoskeletal pro-
tein spectrin (2SPC) (Yan et al., 1993) and plakin domain BPAG1
(2IAK) (Jefferson et al., 2007), showing equivalent topology, but–1237, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1227
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Structure of the S-Layer Protein SbsCFigure 1. Domain Structure of SbsC
(A) rSbsC(31–844) exhibits a ring-like conformation where domain VI folds back onto domain I in the crystal structure. Domains I, II, and III are shown in ribbon, and
domains IV, V and VI in surface representation, indicating a partial disorder. Flexible linkers are shown in yellow.
(B) rSbsC(31–443) containing domains I, II and III is shown in ribbon presentation with domain I in the same orientation as in (A).
(C) Schematic representation of the full-length SbsC protein. Structurally derived domains (I–VI) are colored consistently throughout Figure 1 and known domain
borders are indicated by residue numbers. Sequence 1–31 represents the signal peptide, and the C-terminal part (gray) is of unknown domain structure. All struc-
ture figures were prepared with Pymol 2002 (DeLano Scientific; http://www.pymol.org).with significantly longer helices and variations in the loop regions.
The overall fold of domain I, consisting of the three antiparallel
three-helical bundles, exhibits a unique ‘‘banana-shaped’’
conformation, which has not been observed before.
Domain II adopts an Ig-like fold consisting of antiparallel
b strands, which form two b sheets (Figure 2B). The most signif-
icant structural homolog found in the PDB database is an Ig-like
domain contained in the geranylgeranyltransferase (1DCE)
(Zhang et al., 2000). The two Ig-like domains superimpose with
an rmsd (Ca) of 2.3 A˚, excluding the last b strand of the geranyl-
geranyltransferase, which is completelymissing in domain II. The
topology corresponds to the h-type immunoglobulin fold (Bork
et al., 1994), where the fourth b strand (C0D) belongs to both
the front and the back b sheets. In addition, within the FG loop,
a short, antiparallel b-ribbon (F0G0) is formed.
Domain III has the size of an Ig-like domain (83 residues), but
exhibits a completely novel topology with no structure homologs
found in the current PDB database. The domain consists of three
antiparallel b sheets (with the exception of the parallel strands
A0G0), one 310 helix, and extended loops connecting the b strands
(Figure 2C).
Domain Flexibility
Comparison of the crystal structures of rSbsC(31–443) and the first
413 residues from rSbsC(31–844) reveals intra- and interdomain
flexibility. Upon superposition of domain I, a small movement1228 Structure 16, 1226–1237, August 6, 2008 ª2008 Elsevier Ltd Alof the third triple-helical bundle is observed (Figure 3A). The
movement occurs around a hinge axis at the kink in helix a5
(Leu198) and amounts to a 7.6 difference in the angle between
the two adjacent triple-helical bundles. In order to investigate the
amount of flexibility between the domains, the two molecules
were superimposed by using the coordinates of domain II
(Figure 3B). A large change in orientation was observed for do-
mains I and III, with the relative movement of domain I/II of 62
and domains II/III of 24. The rotation axes of these domain
movements intersect with the respective linker regions
(Ala259–Pro262 and Asn357–Val360) and are nearly perpendic-
ular to each other. The linker residues adopt an extended confor-
mation without additional interdomain contacts, providing a
sufficient separation between neighboring domains and allowing
for the large flexibility.
Solution Structure of the N-Terminal Truncation Mutant
rSbsC(447–1099)
In order to structurally characterize the parts of the protein that
are responsible for the S-layer assembly, we crystallized the sol-
uble N-terminal truncation mutant rSbsC(447–1099). However, the
crystals gave anisotropic diffraction and were not amenable for
structure solution. In an alternative approach, we applied
small-angle X-ray scattering (SAXS) to rSbsC(447–1099). The esti-
mated molecular mass of the solute (60 kDa) was compatible
with that of the monomeric protein, having a radius of gyrationl rights reserved
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Structure of the S-Layer Protein SbsCTable 1. Data Collection and Refinement Statistics
Pb Derivativea Os Derivativea Native rSbsC(31–443)
Data collection
Space group P21 P21 P21
Cell dimensions
a, b, c (A˚) 56.9, 98.0, 109.0 56.9, 98.1, 109.1 49.6, 94.9, 59.6
a, b, g () 90.0, 94.0, 90.0 90.0, 94.5, 90.0 90.0, 106.7, 90.0
Resolution (A˚) 20–3.3 (3.36–3.30) 15–3.3 (3.36–3.30) 20–2.4 (2.44–2.40)
Rmerge 6.0 (30.6) 6.8 (33.1) 6.4 (19.6)
I/sI 11.2 (2.3) 7.6 (1.8) 16.4 (6.4)
Completeness (%) 96.3 (78.4) 88.1 (90.4) 99.7 (97.7)
Redundancy 2.6 (2.2) 2.1 (2.0) 4.6 (3.7)
Refinement
Resolution (A˚) 20–2.40
No. reflections 20,089
Rwork/Rfree 0.177/0.240
No. atoms
Protein 3182
Water 252
B factors
Protein 41.88
Water 43.45
Rmsds
Bond lengths (A˚) 0.008
Bond angles () 1.131
Ramachandran plot
Most favored residues (%) 90.4
Additional favored residues (%) 9.6
Values in parentheses are for the highest-resolution shell.
a Derivatives of rSbsC(31–844). Data were collected at the EuropeanMolecular Biology Laboratory Outstation at the DORIS storage ring, DESY Hamburg
and XRD1, Elletra, Trieste.of 50.29 ± 0.10 A˚ and a maximum particle size Dmax = 180 ± 5 A˚
(Figure 4A). These observations were corroborated by the dis-
tance distribution function p(r) pointing to a rod-like particle
with a cross-section of about 30–40 A˚, consistent of the average
diameter of an Ig-like domain (Figure 4B). The N-terminal part of
this truncated protein contains three Ig-like domains, as ob-
served in the rSbsC(31–844) structure. According to the secondary
structure prediction, the rest of the protein consist of b structures,
and could accommodate three to four further Ig-like domains.
The SCWP Binding Domain
Recently, it was reported that the SbsC protein from G. stearo-
thermophilus exclusively binds to the SCWP and not to the pep-
tidoglycan layer (Ferner-Ortner et al., 2007). A BLAST search
revealed high similarity for the N terminus of SbsC with three
S-layer proteins from G. stearothermophilus (SbsA, SbsD, and
SgsE), and with S-layer proteins from Geobacillus kaustophilus
and Geobacillus tepidamans (SgtA). The rest of the protein did
not show any significant sequence similarity with other known
proteins. Major differences in domain I are observed for SgtA,
including a gap of eight amino acids (aa 111–118) and lowerStructure 16, 12homology in the third triple-helical segment (aa 208–261 in the
SbsC sequence) (Figure S3). In the rSbsC(31–443) structure, the
former eight amino acids are involved in the formation of an ex-
tended loop, which bulges out from helix a3. Remarkably, in this
context, SgtA recognizes a similar SCWP form, which differs
from the SCWP recognized by SbsC in that the SCWP of G. tep-
idamans exhibits uncharged functional groups, while that of
G. stearothermophilus ATCC 12,980 features acetyl groups
with negative charges (Scha¨ffer and Messner, 2005).
In order to analyze putative SCWP binding sites of the SbsC,
the electrostatic and hydrophobic properties were mapped
onto the surface of domain I (Figure 5). A pronounced trace of
positively charged residues can be observed expanding along
the first two triple-helical bundles. It consists of five Arg, six
Lys, and one His residue, and is placed along the grooves be-
tween helices a1/a3 and a4/a5. The distances between these
side chains vary from 6 to 12 A˚, with an average of 9 A˚ corre-
sponding to the spacing of the negative charges of the SCWP,
where the functional groups of the acetylmannosaminuronic
acid are spaced approximately 10–12 A˚ in an extended confor-
mation (Figure 5A). A shorter positive trace, consisting of one26–1237, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1229
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Structure of the S-Layer Protein SbsCArg and four Lys, starts at the bulged-out loop of helix a3 and ex-
tends along the a3/a4 groove. In addition, a hydrophobic patch
extends along the a2/a3 groove and ends at the interface of the
Figure 2. Domain Topology of rSbsC(31–443)
Domain structure (right panel) and topology diagram (left panel) of domains I, II,
and III in the crystal structure of rSbsC(31–443).
(A) Domain I represents a novel, all a-helical fold consisting of three triple-
helical bundels that are connected by two continuous helices a3 and a5.
The bulged-out loop within helix a3 is colored magenta.
(B) Domain II forms b sandwich resembling Ig-like h-type fold. The dashed line
in the topology diagram indicates the separation of the two sheets; the addi-
tional b-ribbon is labeled F0G0.
(C) Domain III represents a novel topology not resembling any of the structures
deposited in the PDB.1230 Structure 16, 1226–1237, August 6, 2008 ª2008 Elsevier Ltda1/a2 loop with helices a3 and a5. The central part of this hydro-
phobic patch is generated by a ladder of aromatic side chains
Tyr and Phe, which form conventional stacked as well as end-
on interactions. Aromatic residues have been shown to be pres-
ent in carbohydrate binding modules, and to be responsible for
specificity and selectivity (Hashimoto, 2006).
The Protein Is Stabilized by SCWP Binding
In order to structurally characterize the SCWP binding, we per-
formed cocrystallization and soaking experiments with two trun-
cated proteins, rSbsC(31-270), representing the binding domain,
and rSbsC(31–443), consisting of the three N-terminal domains.
Upon addition of the SCWP, the rSbsC(31–443) crystals dissolve
immediately, due to the destruction of crystal packing interac-
tions that also occur at the proposed SCWP binding site. Coc-
rystallization experiments did not yield any crystals, due to the
heterogeneity of the SCWP, which was extracted and purified
from natural sources showing a distribution of 4000–6000 Da
(Egelseer et al., 1998).
To characterize the possible conformational changes upon the
SCWP binding, we performed circular dichroismmeasurements.
The far-UV CD spectra of rSbsC(31-270) and rSbsC(31–443) exhibit
a secondary structure content corresponding to the observed
3D structure. Upon complex formation with the SCWP, no signif-
icant change in secondary structure occurred. However, a re-
markable difference was observed in the thermal stability of
the proteins and their corresponding complexes. In the complex
with SCWP, the proteins are dramatically stabilized. The Tm is in-
creased by 14.6C and 25.7C, respectively. The rSbsC(31-270)
undergoes an unfolding process between 59.4C and 68.6C,
with a Tm of 64.0
C, while the complex unfolds in the range of
73.6C–83.7C, with a Tm of 78.6C (Figure 6A). This difference
is more pronounced for rSbsC(31–443), where the protein unfolds
between 48.6C and 69.4C, with a Tm of 59.0C. Complexed
with SCWP, the protein undergoes a sharp transition between
79.9C and 89.5C, with a Tm of 84.7C (Figure 6B). In all cases,
the unfolding process was irreversible and, for the complexes,
precipitate formation was observed after heating to 95.
In order to determine the binding affinity and stoichiometry of
the complex, we performed isothermal titration calorimetry (ITC).
For both rSbsC(31-270) and rSbsC(31–443), the results suggested
a strong binding of two protein molecules to one SCWP mole-
cule, with overall binding constants in the range 106–107 (Figures
6C and 6D). The unexpected mode of binding found in the ITC
titrations prompted us to investigate the nature of the complex
by gel filtration chromatography (Figure 7A). Generating the
complex with different protein:SCWP ratios and separating the
products on an analytical gel filtration column showed that com-
plex formation with a higher protein:SCWP ratio resulted in three
peaks eluting at apparent molecular weights of 69, 138, and 263
kDa, corresponding to the monomer, dimer, and tetramer of
rSbsC(31–443), respectively. The elution of the protein alone,
which has a calculated molecular weight of 45 kDa, corresponds
to an apparent molecular weight of 66 kDa, due to the elongated
nature of the rSbsC(31–443). The occurrence of the monomeric
form in solution under similar conditions was confirmed by
SAXS measurements (data not shown).
In order to discern protein-SCWP complex and unbound
protein, we used IEF gel electrophoresis (Figure 7B). Domain IAll rights reserved
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Structure of the S-Layer Protein SbsCis highly positively charged (pI [rSbsC(31–443)] = 8.9) and, upon
binding of the negatively charged SCWP, a shift in pI should oc-
cur. Analyzing the three peaks from the gel filtration experiment
on the IEF gel proved that peak 3 corresponds to unbound mo-
nomeric protein, whereas peaks 1 and 2 are shifted, indicating
lower pI’s. Peak 2 contains a complex with two protein mono-
mers and one SCWP chain according to the gel filtration.
However, the IEF gel clearly shows three bands indicative of het-
erogeneity in length and/or charge of the SCWP (Scha¨ffer and
Messner, 2005). The elution time of peak 1 suggests a complex
containing three to four protein monomeric units. On the IEF gel,
this fraction shows a smeared band running at the same height
as the middle band of peak 2. Upon decreasing protein:SCWP
ratio (1:1 or lower), the equilibrium is shifted toward the complex
and, hence, peak 3 (free protein) is strongly diminished. In addi-
tion, the height of peak 1 increases in relation to peak 2. The
complex binding behavior of SbsC with its cognate SCWP may
be due to the heterogeneity of the SCWP, which was purified
from natural sources and consists of four to six tetrameric repeat
units (Scha¨ffer and Messner, 2005).
In conclusion, the SbsC-SCWP binding experiments revealed
a strong interaction between the N-terminal domain of SbsC and
the SCWP, resulting in significant thermal stabilization of the
proteins.
DISCUSSION
S-layers are thought to function as a protective coat, providing
mechanical, thermal, or osmotic stabilization to bacteria and
archaea. However, none of these roles have been proven con-
clusively. Understanding biological function can be promoted
by structural insight. Here we present the structure based on
two N-terminal forms revealing an exciting new fold, including
the domain responsible for specific SCWP recognition and five
of the domains involved in the S-layer assembly process
(Jarosch et al., 2001).
The N-terminal, a-helical domain of SbsC provides the exclu-
sive and specific binding site for SCWP (Ferner-Ortner et al.,
2007; Jarosch et al., 2001). Lectin-type binding has been pro-
posed for the SbsC-SCWP interaction based on the high level
of Arg, Lys, and Tyr residues (Sa´ra, 2001). Domain I contains
abundant positively charged and aromatic side chains, which
are responsible for the stability of the triple-helical bundle struc-
ture, as well as for SCWP binding in the form of two surface-
exposed positive patches. In addition, domain I is also responsi-
ble for specific binding of the exoamylase HMMA (Jarosch et al.,
2001), for which an interaction has been mapped to an acidic
region (amino acids 1247–1473; pI = 4.9) close to the C terminus
of the exoenzyme (J. Ferner-Ortner, Center for Nanobiotechnol-
ogy, University of Natural Resources and Applied Life Sciences,
personal communication). Four S-layer proteins exhibit high ho-
mology to SbsC in the SCWP binding domain. Three of these
recognize the identical SCWP, and only SgtA from G. tepida-
mans recognizes a structurally similar SCWP in which the nega-
tive charges are replaced by uncharged functional groups. The
main differences in the SgtA sequence are the deletion of the
bulged-out loop in helix a3 and mutations throughout the third
triple-helical bundle. Therefore, these features may contribute
to the specificity determinants of SCWP binding.
Figure 3. Interdomain Flexibility of SbsC
(A) Superposition of domain I (32–158) indicating
flexibility between the second and the third tri-
ple-helix bundle of domain I and between domains
I and II.
(B) Superposition of domain II (262–334).
rSbsC(31–443) is colored orange, and the first three
domains of rSbsC(31–844) are colored blue. Arrows
indicate regions of high flexibility.
Figure 4. Solution Structure of the N-Terminal Deletion Mutant
rSbsC(447–1099)
(A)P(r) functionand (B) themostprobableab initio beadmodel of rSbsC(447–1099)
obtained by averaging and filtering 10 GASBOR models.Structure 16, 1226–1237, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1231
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Structure of the S-Layer Protein SbsCFigure 5. Putative SCWP Binding Site
(A) The ribbon diagram represents the structure of the SCWPbinding domain, including the residues of the putative ligand binding site (shown as stickmodel; Lys,
yellow; Arg, green; Tyr, cyan; His, orange).
(B) The electrostatic potential mapped onto the surface of domain I shows a positively charged trace extending along the putative SCWP binding site (marked in
green), which is preferentially targeting the negatively charged SCWP. The electrostatic potential is colored from red (16 kTe1) to blue (+16 kTe1). The
orientation is the same as in Figure 5A.The binding strength and specificity between S-layer proteins
and SCWP is of great importance for generating and maintaining
a dynamic protein crystal on a bacterial cell surface during all
stages of cell growth and division. The SCWP-mediated anchor-
ing of S-layer subunits to the rigid cell wall layer is crucial, since
this step guarantees a defined orientation for incorporated
S-layer proteins, while allowing enough flexibility for recrystalli-
zation of S-layer subunits to continuously assume a low free
energy arrangement (Sleytr et al., 1999, 2005). In addition, the
specific S-layer-SCWP interaction may play an important role
in the regulated transport of the S-layer protein through the pep-
tidoglaycan layer. For the SbsA protein of G. stearothermophilus
heterologously expressed in B. subtilis, which itself is lacking an
S-layer and specific SCWP, it has been shown that the synthe-
sized SbsA was poorly secreted and retained until the late sta-
tionary growth phase (Howorka et al., 1999). It has also been
shown that a large amount of the S-layer protein is retained in
the native, SCWP-carrying peptidoglaycan layer and, upon re-
moval of the cytoplasmicmembrane, a correctly oriented S-layer
forms on the inner side of the peptidoglycan layer (Sa´ra and
Sleytr, 1987).
Our investigations show a 2 to 1 stoichiometry for the complex
formation of the soluble SbsC truncated proteins with SCWP
isolated from natural sources. In vivo, the SCWP is covalently
attached to the peptidoglycan layer via phosphoester bonds
(Ries et al., 1997) and, therefore, it will only be partially accessi-
ble to potential binding partners (S-layer proteins and other exo-
proteins). After detachment and purification, the whole SCWP as
an extended carbohydrate chain is longer than the potential
binding sites of the N-terminal domain. Therefore, we conclude
that there are two binding sites on the SCWP, but only one would
be occupied in the in vivo situation.
The large overall binding constants obtained by ITC experi-
ments (Figures 6C and 6D) hint at a tight complex formation,
as would be expected for capturing the exported SbsC proteins
and maintaining the contact between the two dimensional (2D)
S-layer lattice and the cell wall. Further evidence for strong bind-
ing was recently obtained with surface plasmon resonance stud-
ies in which the SCWP was immobilized on a sensor chip, and
rSbsC(31–270) or rSbsC(31–443) represented the soluble analytes
(Ferner-Ortner et al., 2007). The strength of binding is also1232 Structure 16, 1226–1237, August 6, 2008 ª2008 Elsevier Ltd Alcorroborated by a significant stabilization of the protein upon
SCWP binding (Figures 6A and 6B). Interestingly, domain I itself
exhibits a higher thermostability than the longer construct con-
taining domains I, II, and III. We conclude that the N-terminal
domain is a very stable and rigid structure, a feature that may
be important for the specific binding, as well as the proposed
function of creating a quasiperiplasmic space, which would be
required for retaining processive enzymes. The largely increased
thermostability of the complex as compared with unbound pro-
tein may have important implications for the role of S-layers in
protecting the bacteria in harsh environmental conditions.
On the sequence level, S-layers show essentially no homol-
ogy, unless closely related species are compared. The excep-
tions are the SLH motifs, which have been identified in a number
of S-layer proteins and other cell associated exoproteins, as
found by Pfam. Most S-layer proteins possess three SLHmotifs,
constituting an SLH domain, which are responsible for binding of
the S-layers to the SCWP. It has been speculated that each SLH
motif consists of two a helices, linked by a short b strand and
a loop (Lupas et al., 1994).
Comparing the SCWP binding domain of SbsC with the pre-
dicted secondary structures of S-layer proteins containing SLH
motifs, such as Sap from Bacillus anthracis, SbpA from
B. sphaericus, and SbsB from G. stearothermophilus, an identi-
cal pattern was found consisting of seven a helices. Therefore,
despite the low sequence homology, we predict that the fold of
the SLH domain is equivalent to domain I of SbsC, where each
SLH motif corresponds to one of the triple-helical bundles in
SbsC. This finding is corroborated by the recently reported 7 A˚
projectionmap of SbpA, which clearly shows a three helix bundle
structure at the tetrameric interface perpendicular to the assem-
bly layer (Norville et al., 2007).
The synthesis and structural characterization of peptidoglycan
building blocks allowed the proposal for the existence of two
pore sizes between 70 and 120 A˚ (Meroueh et al., 2006). Assum-
ing a similar architecture in the Gram-positive bacterial peptido-
glycan, a minimal pore size of70 A˚ can be expected. The SbsC
molecule, as defined by the crystal structure of the N-terminal
and solution structure of the C-terminal fragments, represents
an elongated molecule where the domains are arranged like
beads on a string. The maximum diameter of this elongatedl rights reserved
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Structure of the S-Layer Protein SbsCFigure 6. SCWP Binding Behavior of Soluble N-Terminal SbsC Mutants
(A and B) Thermostability of the SbsC mutants and their complexes with SCWP integrated by CD spectroscopy. The normalized CD signal at various temper-
atures was used for fitting the thermal unfolding curve, and the transition temperatures, Tm, are indicated in the plots with Origin 5.0 (Microcal, Northampton, MA).
(C and D) ITC of the binding reaction between SCWP and rSbsC(31-270) (C) and rSbsC(31–443) (D).The upper panels show the sequential titration of SCWP into the
respective protein solutions. The lower panels show the binding enthalpies per injection step (closed red square), the calculated binding isotherm according to an
independent site binding model (continuous red line), and the derived binding parameters (H = overall molar binding enthalpy; K = molar binding constant;
N = molar ratio at the inflection point).molecule ranges from 30 to 40 A˚. Therefore, the SbsC protein
would be able to fold in the preiplasmic space (Matias and Bev-
eridge, 2006, 2007; Sleytr and Beveridge, 1999) upon export
through the cytoplasmicmembrane and processing of the leader
sequence. The transport of the folded protein through the pores
of the peptidoglycan would be feasible, enabling the immediate
recognition of the SCWP on the peptidoglycan surface. Once the
N-terminal domain is noncovalently bound to the surface, the re-
maining part of the proteinmay be transported through the pores
in a folded or unfolded manner. Due to the localization on the
peptidoglycan surface, the self-assembly process is favored
by the increased local concentration of the S-layer protein
(Sleytr, 1975).
Proteins containing Ig-like domains are observed in cell sur-
face proteins and are involved in a variety of functions, including
cell-cell recognition and cell surface receptor functions (Luo
et al., 2000). We suggest that domains II–VI and putative do-Structure 16, 1226mains in the C-terminal part have similar functions in that they
are involved in specific intermolecular domain-domain interac-
tions. The establishment of at least two distinct and specific do-
main-domain interactions between neighboring SbsC proteins
would be necessary for the formation of the regular 2D lattice ob-
served in the assembly of the S-layer. Multiple domain interac-
tions may be responsible for the stability of the 2D lattice, as
well as for its characteristic lattice constants.
In SbsC, the individual domains are connected by flexible
linkers. The high degree of interdomain flexibility is clearly dem-
onstrated by the superposition of the two truncated forms,
whereby a significant difference in the domain arrangement is
observed, derived mainly from different crystal packing interac-
tions. The linker regions are responsible for the correct spacing
of the interaction domains and, at the same time, maintain the
flexibility necessary for introduction of dislocations and disclina-
tions that have been observed on S-layers (Sleytr and Glauert,–1237, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1233
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Structure of the S-Layer Protein SbsCFigure 7. Characterization of the
rSbsC(31–443)-SCWP Complex
(A) Complex formation with different rSbsC(31–443)-
SCWP ratios was investigated by Superdex 200
gel filtration chromatography. The elution profile
yielded three distinct peaks, corresponding to
tetramer/trimer (1), dimer (2), and monomer (3).
rSbsC(31–443)-SCWP ratios used are 2:1 (curve A),
1:1 (curve B), 1:2 (curve C). Peak 3 contains
unbound protein.
(B) An IEF gel showing the pI of unbound and
complexed rSbsC(31–443). Lane M = IEF marker;
lane P = rSbsC(31–443); lane 1 = peak 1; lane 2 =
peak 2; and lane 3 = peak 3.1975). These imperfections (lattice faults) are required for the dy-
namic process of assembly on a growing and dividing cell; for
example, for covering the rounded surfaces at the cell poles
and cell division sites (Sleytr and Glauert, 1975; Sleytr et al.,
1999, 2005). Interdomain flexibility between domains I and II
may be of special importance, because the regular arrangement
of domain I in the 2D lattice has to accommodate the irregular
spacing of the SCWP in the peptidoglycan layer in order to main-
tain its anchoring function. In this context, it is relevant to note
that various disintegration and recrystallization experiments on
the rigid S-layer supporting layer in Gram-positive bacteria indi-
cated that the S-layer intersubunit bonds are stronger than those
responsible for binding the crystalline array to the supporting
layer. This feature appears most important for maintaining
a closed, coherent S-layer lattice assuming a low free energy ar-
rangement on a growing and dividing cell (Sleytr and Glauert,
1975; Sleytr et al., 1999, 2005).
The structures of the SbsC truncated proteins provide the ba-
sis for detailed functional studies by site-directedmutagenesis in
order to determine the exact interaction sites responsible for
self-assembly, as well as specific binding of SCWP and other in-
teracting proteins. Moreover, our structure is the starting point
for the elucidation of the domain arrangement of the assembled
S-layer structure in an approach combining crystallography and
cryoelectronmicroscopy.
EXPERIMENTAL PROCEDURES
Structure Solution
Purification of various deletion mutants, crystallization, and data collection of
rSbsC(31–844) are described elsewhere (Jarosch et al., 2001; Pavkov et al.,
2003). Additional heavy atom derivatives were obtained by soaking the native
crystals in 1 mM Pb(CH3COO)2 for 1 day and 0.5 mM K2OsCl6 for 1.5 hr. Data
collection and processing statistics are given in Table 1. Combining all three
derivatives, ShelxD (Schneider and Sheldrick, 2002) successfully found all
heavy atom positions by using data sets with resolution limited to 3.8 A˚. Phase
extension to 3 A˚ with the program RESOLVE (Terwilliger, 2000) led to the FOM
of 0.65, overall average correlation coefficient of 0.74, and an electron density
map with sufficient quality to start manual building of the rSbsC(31–844) struc-
ture. The partial model was refined with PHENIX (Adams et al., 2002), resulting
in an Rwork of 0.265, an Rfree of 0.323, and an FOM of 0.72.
Initial crystals of rSbsC(31–443) were obtained with Index Screen 1 and 2
(Hampton Research) by the micro-batch method (Oryx 6; Douglas Instru-
ments). The crystals were grown with 6.2 mg/ml of the protein, 6%–14%
PEG3350 as a precipitant at pH 5.5–7.5, and various salts. Data collection1234 Structure 16, 1226–1237, August 6, 2008 ª2008 Elsevier Ltd Alstatistics are given in Table 1. There is one rSbsC(31–443) molecule per asym-
metric unit. The structure was determined by the molecular replacement
method with the program PHASER (Storoni et al., 2004). The parts of
rSbsC(31–844) structure were used as the initial phasing model. TLS and re-
strained refinement, including water search, were carried out with PHENIX.
The refinement was interspersed with manual inspection andmodel rebuilding
in Coot (Emsley and Cowtan, 2004). The conformation of the refined structure
was evaluated with PROCHECK (Laskowski et al., 1993). In the Ramachan-
dran diagram, all residues of the model are located in the most favorable or
additionally allowed regions.
Structure Analysis
Sequence similarity search was done with BLAST (Altschul et al., 1990). The
proteins with the highest sequence homology with SbsCwere chosen, and se-
quence alignment was performedwith the programClustalW (Thompson et al.,
1994). The secondary structure was predicted on the basis of the amino acid
sequence with PsiPred (McGuffin et al., 2000). A search for structural similarity
with rSbsC(31–443) was carried out with MATRAS (Kawabata, 2003), as well as
with the entire rSbsC(31–844) molecule and each domain separately as the tar-
get. Superposition was performed with SSMSuperposition (Krissinel and Hen-
rick, 2004), as implemented in the programCoot. The domain rotation between
the rSbsC(31–443) structure and the first three domains of rSbsC(31–844) was
analyzed with the program DynDom (Hayward and Lee, 2002).
Circular Dichroism Analysis
CD measurements were performed on a Jasco J-715 spectropolarimeter with
a 0.02 (rSbsC[31-270] and complex) and 0.1 cm (rSbsC[31–443] and complex)
water jacket cylindrical cell. The far-UV spectra were recorded at 20C from
185 nm to 260 nm as an average of three scans. Thermal denaturation data
were recorded in the temperature range of 20C–95C at 208 nm by a step
scan procedure with a heating rate of 1C/min. The protein concentrations
used were 0.08/0.13 mg/ml for rSbsC(31-270) with and without SCWP, and
0.62/0.73 mg/ml for rSbsC(31–443) with and without SCWP, respectively. The
protein:SCWPn ratio was 1:2.5.
Small Angle X-Ray Scattering
The X-ray scattering data were collected at the SAXS beamline X33 at the Eu-
ropean Molecular Biology Laboratory Outstation, DESY with a MAR345 Image
Plate detector at a sample-detector distance of 2.7 m and a wavelength of
l = 0.15 nm. The protein solutions with 4.6 and 2.3 mg/ml of rSbsC(447–1099) and
1.8, 2.8, and 5.7 mg/ml of rSbsC(31–443) were prepared in 15 mM Tris buffer
(pH 7). Bovine serum albumin (BSA), at concentration of 4.5 mg/ml, was
used as a standard. To check for radiation damage, the sampleswere exposed
twice for 2 min, and no changes were observed in the scattering patterns with
time. The data were processed with PRIMUS (Konarev et al., 2003). The scat-
tering from the buffer was subtracted as background. The low- and high-con-
centration data were merged for the subsequent data analysis. The radius of
gyration, Rg, and the forward scattering, I(0), were evaluated with Guinier
approximation (Guinier, 1939). These parameters and the maximum diameter,l rights reserved
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Structure of the S-Layer Protein SbsCDmax, of the particle were also computed from the entire scattering patterns
with the program GNOM (Svergun, 1992). The volume of the hydrated particle,
Vp, was determined with the Porod invariant (Porod, 1982). The molecular
mass (MM) of the solute was evaluated by comparison of the forward scatter-
ing I(0) with that from reference solution of BSA (MM = 66 kDa), and the
obtained result was compared with the excluded particle volume. The ab initio
shape reconstruction was performed with the program GASBOR (Svergun
et al., 2001) without symmetry constraints.
ITC
ITC experiments were performed at 30C in 10 mMHEPES buffer (pH 7.5) and
3 mMNaCl with an MSC-ITC microcalorimeter (MicroCal). The SCWP solution
was applied via an injection syringe at the concentration of 0.2 mM. In each
experiment, one preinjection of 1 ml and 13–26 injections of 3–5 ml of SCWP
solution were made into the cell containing different truncation mutants with
concentrations of 0.0188 mM (rSbsC[31-270]) and 0.0135 mM (rSbsC[31–443]).
Data were analyzed with Origin software (MicroCal v5.0), and the fitting curves
were calculated according to the independent site binding model.
Gel Filtration and Isoelectrofocusing
Gel filtration was performed at room temperature on an A¨KTA Purifier system
(Pharmacia Biotech) with a prepacked Superdex 200 10/30 column (24 ml bed
volume; Pharmacia Biotech). An eluent was 20 mM Tris/HCl (pH 7.5), 150 mM
NaCl, with an isocratic flow rate of 0.5 ml/min. The Gel Filtration Standard (Bio-
Rad) was used as molecular weight marker. The gel filtration of 100 ml of
rSbsC(31–844) (5 mg/ml) and complexes were performed under the same con-
ditions. The complexes were prepared by adding 5, 10, and 15 ml of SCWP
(5 mg/ml) to 100 ml of rSbsC(31–844) (5 mg/ml). The isoelectric focusing was
performed with NoveX IEF gels with pH 3–10 gradient; 5 ml of each fraction
was used for sample preparation. Invitrogen IEF marker 3-10 was used as
a standard. Gels were stained by silver staining (Novagen).
ACCESSION NUMBERS
Coordinates have been deposited in the Protein Data Bank with the accession
code 2RA1.
SUPPLEMENTAL DATA
Supplemental Data include three additional figures and are available online at
http://www.structure.org/cgi/content/full/16/8/1226/DC1/.
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